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PREFACE
The discontinuous V-I characteristic of thin film MIS struc-
tures has been regarded as potentially productive of digital transducer
action. The missing element is an active dielectric film which responds

to external stimuli. At the outsel, considerable research has been con-

ducted by the senior author with a view to development of such "exotic"

dielectrics. The justification is much broader, however, since new di-

electric films are potentially useful in many microelectronics and inte-
grated circuits areas.

Thin dieiectric film formation by chemical vapor deposition (CVD)
remains to be investigated as thoroughly as sputtering, evaporation, and
oxidation. Chemical vapor deposition offers several advantages over other
methods of dielectric film growth. Titanium dioxide has promise as a di-
electric material in integrated circuits because of its high dielectric
constant. Present emphasis on microelectronics and integrated circuits in-
dicates a need for new materials to improve the performance of existing
devices and to aid in new developments. High dielectric constant materials
offer the advantage of higher capacitance without the necessity for larger
.areas ér thinner films which lead to pin holes and device failure. This
dissertation investigates using CVD of titanium organometallics to form
thin films of TiOQ, followed by a study of the physical and electrical prop-
erties of the films.

The work described in this report received partial support from
WASA Grant NGL LhL-012-043, and from the NSF (Grant GK 1395) and the Joint
Services Electronics Program (Grant AF-AFOSR-T66-76).
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ABSTRACT

The hydrolysis of titanium organometallics using hydrogen and
carbon dioxide at 900°C forms a thin film of titanium dioxide with desir-
able properties. The frequency effects in the C-V curves of the dielec-
tric differ for tetraiscpropyl titanate and polymerized tetrabutyl titanate.

The 1 kHz capacitance per unit area is O.21uF/cm2 for a 2000 K
film on silicon. The dielectric constant of this film ranges from 50 on
silicon to 80 on platinum. The dissipation factor ranges from 1% to 10%.

>

The breakdown strength is 5 x 107 volts/cm. Capacitance-voltage data on
MIS structures indicate an oxide space charge of approximately 1012 states/
cm2 with a flat-band voltage of zero volts. Measurements of the change in
voltage required to maintain the flat band condition as the temperature is
lowered give a density of fast interface surface states of less than 1012
states/eV—cmg. Shifts in C-V curves with gate electrode material and
SiOZ—‘I’iO2 mixtures suggests promising device applications. Current-volt-
age data indicate that the dominant conduction mechanism is Pocle-Frenkel
emission from donor and acceptor sites and traps within the bulk of the
TiO2 film. The activation energy is 0.11 eV and the conduction barrier
height is 0.25 eV.
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CHAPTER I.

INTRODUCTION

Present efforts on dielectric thin films emphasize their formation
by oxidation, anodization, evaporation, and sputtering. Chemical vapor dep-
osition offers several advantages over other methods of dielectric film
growth, such as versatility in choice of substrate, homogenous oxide film,

a sharper and cleaner interface, greater control over the composition of the
film, and more control over the thickness and growth rate,

To be compatible with integrated circuits, a thin film capacitor
must satisfy several criteria, including low dissipation factor, high sta-
bility during integrated circult processing, voltage insensitivity, and high
yield. Many materials currently used as capacitor dielectrics for thin film
microcircuits exhibit low dielectric constants or low breakdown voltage. Ti-
tanium dioxide is attractive as a dielectric material in integrated circuits
since the dielectric constant in rutile parallel to the C-axis is 17019,
High dielectric constant materials offer the advantage of higher capacitance
without the necessity for larger areas or thinner films which lead to pin
holes and device failure.

In the present work organometallics of titanium in an oxidizing at-
mosphere containing water vapor from hydrogen and carbon dioxide form thin
films of titanium dioxide with desirable dielectric properties on metals and
on silicon.

A. Other Work on Titanium Dioxide.

Titanium dioxide films for optical applications were first prepared

by oxidation of the metal in air and anodigzation of the metal63, Titanium

Th

dioxide films for dielectric applications have been prepared by ancdization' ,

chemical vapor deposition of titanium tetrachloride and tetraisopropyl

-1~




2.

49,50

titanate with water vapor (steam) at a substrate temperature of 150°C

chemical vapor deposition of tetraisopropyl titanate in an oxygen atmosphere

8 . .81 . .
138, glow discharge;)reactlve sputtering, and by direct evaporation

65

at T00°C
of titanium dioxide by heating in a vacuum
Martin89, in 1962, reported the formation of T102 films by glow
discharge. Leaking reactive gases into an evacuated bell jar in the vicin-
ity of the discharge forms the films. The films were amorphous with a di-
electric constant of 90, but became crystalline with a dielectric constant
of L0 when heat treated at 350°C for one-half hour. For 2500 K films at 1
kHz the capacitance per unit was .lSuF/cmg, with a dissipation factor of 2.6%

>

and a breakdown strength of b x 107 volts/cm.

Lakshmanan8l, in 1963-65, used reactive sputtering to form films of
titanium oxide. Pure titanium cathodes in an oxygen-argon gas mixture forms
the films. Capacitance of .30uF/cm2 and dissipation factors of 5.5% at 1 kHz
are reported for films between 1000 K and 1600 X thick.

132, in 1964, reported on the growth and structure of ti-

Von Hippel
tanium films on alkali halide crystals and the effect of controlled oxidation
of these films while van Raalté%i%f the same laboratory, reported on conduc-
tion phenomena in rutile single crystals. He reported an increasing conduc-—
tivity with time due to increased effective carrier mobility caused by the
filling of shallow traps and due to an increased positive space charge
throughout the bulk of the crystal, enhancing electron injection.

49,50

In the 1963-64 Feuersanger formed thin films of TiO_ by the

2
vapor reaction of titanium tetrachloride or tetraisopropyl titanate with
water vapor at a substrate temperature of 150°C. The water vapor is intro-

duced in the form of steam from oxygen or nitrogen bubbled through hot water.

These films have dielectric constants of 80 and capacitances of O.5uF/cm2




with a dissipation factor of 2.3% and a breakdown strength of 2-T x 105

volts/cm.
138 s e N
Very recently Yokozawa formed thin films of titanium dioxide by
the decomposition of tetraisopropyl titanate in a dry oxygen atmosphere at
700°C. The films were porous and easily etched by diluted HF. The films
consist of fine crystallites of anatase. The refractive index is 2.0. No
electrical dats is reported for these films.

In 1965 Peterson 103,10k

deposited titanium dioxide films by the
reaction of tetraisopropyl titanate with oxygen at a substrate temperature
of from 300-500°C. However, he discontinued this work because of low dielec-

tric strength (3 x lO5

volts/cm) and instability of the film to electrical
stress. The anodized films of TiO2 form only on titanium substrates and
show a dielectric constant of about 40. Direct evaporation of titanium di-
oxide by heating in a vacuum results in a loss of oxygen of the evaporant.
Such deposits are semiconducting rather than insulating.

The above authors report only a limited amount of electrical data.

Maserjian and Mead?%escribe the electrical properties of thin film
sandwiches of Al—TiOQ—Al with evaporated films varying in thickness from 100
to 410 Z. Their results are interpreted in terms of a large ionic space
charge in the TiO2 films. These films have a dielectric constant of 27.

B. Significance of this Work.

A knowledge of the conduction behavior of titanium dioxide films on
silicon and metal coated quartz substrates with different contacts is the
expected result of this work. The existence of a large ionic space charge
as observed by Maserjiango for very thin evaporated films would not neces-
sarily be expected for these thicker films formed by CVD due to the differ-
ence in processing. This type of data and these results have been unex-—

67

plored prior to this work .




b,
The capacitance-voltage data yield information about the outer oxide
surface state density, the fast interface surface state density, frequency
effects due to the various source materials, electrode effects, and SiOz—
Ti02 mixture effects that have not been reported by other investigators
The experimental technique resembles that of Feuersangerso and

Yokozawa138, but is different in that hydrogen and carbon dioxide form

the water vapor in preference to bubbling the carrier gas through heated

138

5 Feuersanger'sso technique has the advantage of low

water5o or dry O
deposition temperature (150°C versus 900°C), however, the hydrogen and car-

bon dioxide seems to be more desirable for reasons enumerated in Chapter IIT.

C. Experimental Techniques.

The maln experimental technique applicable to thin film dielectrics
is a study of their electrical properties. The experimental program involves
making metal-insulator-metal (MIM)structures and metal-insulator-semiconduc-
tor (MIS) structures and measuring their capacitance and conduction.

Two basic techniques apply to the study of the electrical proper-
ties: Capacitance versus bias versus frequency and dc current transport.
Capacitance data give information about the interface states, oxide surface
states, and dielectric constants. The current-voltage measurements at var-
ious temperatures yield information about the breakdown strength of the ma-
terial, uniformity of the films, various conduction mechanisms, barrier
heights, and trap levels in the energy band.

A knowledge of current-voltage characteristics helps the device en-
gineer, as well as supplying basic information about the material. These
characteristics relate to the design of field effect transistors (FET)33°

The leakage current of the dielectric affects the characteristics and must

be considered in design. This leakage current also provides warning as the



5.
dielectric approaches breakdown. This current-voltage behavior is also of
importance to the design of new surface state and interface digital trans-
ducer concepts described by Hartwig72.

Surface-state densities gained from capacitance-voltage data is
also of importance to device engineers. More fast surface states can de-
crease the channel mobility causing lower gain-bandwidth products in
MOSFET's. They also increase the switching voltage of enhancement mode
FET's. Fast surface states affect MOS performance by altering the reac-
tance of the MOS varactors by filling and emptying of charge in and out of
these states at the ac measurement frequency. Also, the charge in the
states is an added component to the surface charge at the insulator-semicon-
ductor interface. Oxide surface-state density is a parameter which controls
the threshold of MOS enhancement mode FET switches, the operating point of
MOS depletion mode FET amplifiers, the PNP transistor collector junction

leakage, and parasitic surface capacitance33.




CHAPTER II

FILM FORMATION TECHNIQUES

Several techniques exist for forming dielectric thin films. All the
dielectric film formation techniques have both advantages and disadvantages.
Surface reactions like oxidation depend on an appropriate starting material,
but process easily. Vacuum evapofation readily forms films of materials
which vaporize congruently at "reasonable" temperatures, but most dielectrics
do not evaporate congruently. Flash evaporation avoids atomic species sepa-
ration, but requires special apparatus and a solid powder form of source ma-
terial.

The multiple forms of sputtering made it a wide ranging technique.
DC sputtering works for metallic anode materials. RF or AC sputtering can
avoid space charge build-up on insulating source materials by neutralization
from the plasma electrons. The greatest versatility of sputitering arises
through chemical reaction at the source, in the gas, or at the target in the

process of reactive sputtering. Multiple-electrode sputtering offers another

way to form films containing several atomic species, but requires fairly com-
plex processing.

Chemical vapor deposition uses a basically simple reaction chamber
for any kind of reaction. The process complications arise in cobtaining gas-
eous reactants, controlling the flow of reactants and carrier gases, and op-
timizing the flow of gases around the substrate. In principle, however, nearly

any material can be formed on nearly any other material that is thermally and

chemically compatible.
The detailed characteristics of dielectric films may depend signifi-
cantly on the formation process. This section discusses these processes in

gregter detail.




A. Sputtering.

Sputtering is a process whereby the impact of a stream of acceler-
ated ions vaporizes a target. In dc sputtering, several thousand volts dc

3 to 101 torr. The re-

are placed between two electrodes in a vacuum of 107
sulting glow discharge contains high energy ions, accelerated by the high
field, which strike the cathode and dislodge neutral atoms or molecules.

These nuetral species radiate outwards from the target surface and deposit

L5

on a substrate This technique requires the target to be a conductor as
otherwise the initial bombarding ions create a region of positive space
charge in the vicinity of the target thereby shielding the target from fur-
ther bombardment. RF sputtering techniques avoid this by applying an RF
voltage to the target with respect to the plasma. On alternate half cycles,
the positive space charge building up is neutralized by plasma electrons. RF
sputtering is a useful technique for the deposition of insulatorsu2 with the
limitation that the atomic species in the film deposited is the same as that
of the target. 1In reactive sputtering, some chemical reaction takes place
prior to sputtering (the surface of the target is altered to possess a thin
reacted surface layer), during sputtering (the species dislodged during bom-
bardment is reacted chemically during its transport to the substrate surface)lel
or after sputtering (the film deposited on the substrate surface is altered
through some chemical reaction).

Non-reactive sputtering is suitable for the deposition of metals and
conductors while reactive sputtering is suitable for the deposition of die-
lectrics. The requirement of maintaining a gas discharge limits the practi-
cal range of gas pressure and influencesthe useful range of gas mixtures.

Advantages of sputtering include the fact that the substrate tempera-

ture can be lower than in CVD. This allows the films to be deposited on sub-

strates which would melt at high temperatures (i.e., Al).




The cleaning of surfaces to be coated by physical vapor deposition
methods is more difficult than that required for CVD6. No vigorous chemical
action occurs at the surface as an inherent part of the coating process as in
CVD. ©Sputtering dces produce more adherent films than vacuum evaporation be-
cause of the greater ilon energies. The substrate temperature is normally. suf-
ficiently low during deposition that little diffusion of the deposit into the
substrate occurs.

B. Vacuum Evaporation.

Vacuum evaporation is basically simple in theory and in many applica-

65

tions The material to be applied is heated in a high vacuum to a tempera-
ture at which its vapor pressure is about 10—2 torr or greater. Thus, this
process involves the transfer of material and the formation of coatings by
physical means alone. In the evaporation of non-elemental material (i.e.,
compounds ), dissociation or incongruent evaporation may occur, followed by
varying degrees of recombination of the compounds at the place of impingement
Since no chemical reaction occurs at the surface as an inherent part of this
process, the cleaning of surfaces 1s difficult with this technique.

One obvious advantage to this technique is the low substrate tempera-
ture required. Other vacuum methods are available for the deposition of com-
pounds. One of these is flash evaporation. Films of BaTiO. and SrTiO3 have

3
97,98

been prepared by this method. Individual grains of the compound are fed
onto a hot surface at a rate such that one volatilizes completely before the
next one arrives. This method does not offer much desirable varistion in the
composition of the deposited film. The deposition of compounds by co-deposi-
tion from multiple vapor sources requires accurate knowledge and control of

vapor source temperature, areas, and vaporization rates. Because of the diffi-

culties involved in securing and maintaining these conditions, this technigue




has not been used to any great extent6.

C. Thermal Deposition.

35

Thermal oxidation 1s an important technique for forming thin films
Silicon dioxide thermally grown on silicon is the best example of this tech-
nique. Thermal oxidation disadvantages include film not structurally perfect,
film purity not perfect, high temperature required, abnormal transition re-
gions at metal-insulator or semiconductor-insulator interface, and the compo-
sition of the film is limited by the substrate. The main objections really.
stem from the fact that years of technological development have yet to make
these materials perform as satisfactorily as device reliability and perform-
ance criteria demand.

D. Chemical Vapor Deposition.

In CVD solid deposits are formed by chemical reactions which take
place on, at, or near the deposition surface. Vapor deposited materials are
of great importance at present and promise even greater importance because
the deposition process is an extremely versatile and usefully inexpensive
method of molecular forming6. While in physical vapor deposition the medium
is a vacuum or a rarefied gas, in CVD the medium is a chemically reactive gas
mixture which 1s thermally activated to deposit material. CVD has the dis-
advantage that the substrate must be heated to relatively high temperatures,
but these temperatures would not be detrimental in many applications. It has
the advantage that it is applicable to the widest range of materials

In CVD and in physical vapor deposition feed vapors are genersted by
evaporation from a surface and the volatilized material is then transported
to a substrate on which it condenses or decomposes.

With CVD it is possible to volatilize seléctively a feed material,

transport 1t to the desired location, and precipitate it as a controlled
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structure. Further purification can be achieved in the chemical transport
system by separate distillation of the volatile intermediates, as well as
selective reaction either at the source or at the heated substrate.

By reason of the very large number of available chemical reactions,
CVD is seen to be a process of great versatility and flexibility6, It does
not require the use of ionizable compounds or any degree of electrical con-
ductivity in the substrate or deposit. Highly insulating materials are de-
posited as readily as pure metals. Also, CVD can be used to deposit compounds
which are too unstable to be deposited without marked change in composition
by physical vapor deposition. CVD can be carried out over a pressure range
from super-atmospheric down to pressures characteristic of physical vapor
deposition.

Blocher112 recently enumerated three main differences in CVD and sim-
ple condensation. (1) Simple condensation is exothermic and most useful CVD
reactions are endothermic. By the use of endothermic processes, the reac-
tions can be delayed more effectively until the reactant gases reach the
heated substrate. The use of endothermic reactions generally introduces an
appreciable energy barrier to the kinetics of the reaction, but at the higher
pressures and temperatures of CVD equilibrium is more easily approached than
in simple condensation. (2) Though vacuum evaporation-condensation plating
processes operate at pressures in the molecular flow region, CVD operates in
the viscous flow region with associated carrier gases through which the re-
actant must diffuse to reach the substrate. Carlton and Oxley112 thoroughly
discuss this subject. This diffusion barrier places an upper limit on the
attainable nucleation density. However, the ratio of the nucleation rate to
growth rate depends on the nature of the system and the temperature and can

be varied to increase nucleation. (3) Whereas only the condensable vapor of
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the material being deposited need be considered in a cleasn condensation sys-
tem, CVD involves other chemical species. These intrinsic impurities are con-
sidered to have a number of possible effects depending on the nature of the
impurity, the adsorbed monomer and the substrate. Since such effects would
be specific to the system in question and would operate in many directions,

it is impossible to account for them guantitatively.

The expitaxial growth of elemental semiconductors by chemical vapor
deposition is now a well established techﬁiqueg’35’36’79’llh’128, in spite
of its slow initial acceptance. Two major vapor phase systems used for the
elemental semiconductor growth are pyrolytic decomposition of halides or hy-
drides and the hydrogen reduction of halides.

The production of pigments and reinforecing agents is the largest ap-
plication of CVD to date . Carbon blacks and pigment-grade titanium dioxide
made by burning TiClh are the largest items of importance. Next in import-
ance are the carbonyl metals, particularly nickel.

The need for refractory materials in the aerospace industry is an
important application of CVD. Niobium, molybdenum, tantalum, and tungsten
are conveniently deposited by hydrogen reduction of the corresponding halide
vapors. Refractory metal carbides are obtained by reaction of the metal hal-
ides with hydrocarbons.

Many metals have been successfully deposited by CVD. Powell6 gives
summaries of the conditions used to prepare deposits of Al, As, Sb, Bi, Cr,
Co, Cu, Ge, Au, Fe, Pb, Mo, Ni, Ta, Pt, Re, Sn, Ti, W, U, V, and Zr. Numer-
ous references are given for each metal. Powell6 also gives a similar treat-
ment for chemically deposited nonmetals such as boron and borides55’57, car-
bon and carbides, nitrides, silicon and silicides, and oxides. Of great im-

30,76

portance in the microelectronics field is the recent work in CVD of SiC




Si3Nu

ious oxides, including Al

29,40,121,136
an

12.

28,91

d Si0 Powell6 lists references for CVD of var-

Cr203, GeO, Fe O SiOe, TiOg, and others.

203’ 2°3°

Chemical vapor deposition offers several advantages over other meth-

ods. BSome of these advantages are:

1.

Much versatility is possible since films can be deposited on
metals, semiconductors, or other dielectrics.

The oxide film should be very homogeneous since the reactant
emanates from a source with preservable integrity.

The composition of the film can be controlled independently of
the composition of the substrate.

The processes involved generally can be carried out at lower
temperatures than those required for deposition in inorganic
systems.

The reactant and product vapors of the organic systems are
usually less reactive and corrosive than those of the inorganic
systems.

Coating thickness can be varied, and fairly well controlled over
a wide range.

The very large number of available chemical reactions assures
chemical vapor deposition to be a process of great versatility
and flexibility.

The organic reactions are more suitable for the preparation of
high purity oxides.

Due to the large number of variables, such as gas temperature,
gas Tlow rate, substrate temperature and time, greater control

over film composition 1s possible.




CHAPTER IIT

FUNDAMENTALS OF CVD

A. Vapor Plating Requirements.

The general requirements for any gas plating reaction may be sum-
marized as follows:

1l. The reactants must be in the gaseous or vapor state;

2. the product to be deposited must be condensible at the sub-

strate; and

3. the by-products formed in the reaction chamber must be suf-

ficiently volatile to allow their ready removal.

In addition to these general requirements, the thermodynamics and
kinetics of any particular vapor plating reactions impose restraints upon
the deposition temperature and reactant concentrations which are unigue to
the reaction under consideration

B. Basic Kinetic Considerations.

A number of steps must occur for the overall deposition6: Diffusion
of the reactant through the static layer adjacent to the substrate; adsorp-
tion onto the substrate; diffusion of the adsorbed species across the sur-
face to active sites; the chemical reaction; deposition of the non-volatile
products; desorption of the volatile products; and their diffusion away from
the vicinity of the substrate. The first and last steps are generally not
independent, since the diffusion rate of the reactants affects the diffusion
rate of the products, and stoichiometry influences the two steps of the re-
action, and both affect the chemical reaction rate. The complex intermediate
steps normally involve surface and gaseous reactions, as well as simultaneous
adsorption-desorption and nucleation processes. Any of the above steps may
determine the rate of deposition. Each step has a temperature dependence

13
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which determines its relative importance. In the low-temperature range

( <350°C) the deposition rate depends predominately on the chemical kinetics.
That is, the deposition rate is relatively insensitive to the flow except at
very low flows, but is strongly dependent on deposition temperature. In the
high temperature range (> 350°C) the major limiting factor is gas-phase dif-
fusion. In this case, the rate of deposition depends strongly upon the geom-
etry of the deposition system and upon the flow. The deposition rate is rela-
tively insensitive to the temperature.

In establishing the overall kinetiecs of the deposition, one needs to
treat the experimental data so as to evaluate the relative influence of the
diffusion flux and the chemical kinetics, and to develop expressions for cal-
culating their simultaneous influences on deposition rate.

C. Chemical Reactions.

The free-energy function provides a true measure of the chemical af-
finity of a reaction. The free-energy change in a chemical reaction is de-
fined as AF = F (products) - F (reactants). When the free energy change is
zero, the system is in a state of equilibrium. When the free-energy change
is positive for a proposed reaction, net work must be put into the system to
effect the reaction. When the free-energy change is negative, the reaction
can proceed spontaneously with the accomplishment of the net work.

For processes occurring at constant temperature and constant pressure:

F=H- TS
The free-energy F is equal to the difference in enthalpy or heat content H
of the system at constant pressure and the product of the system temperature
T and the entropy S.
The deposition process depends on the decomposition of the vapors of

organometallic compounds. This decomposition takes place at atmospheric
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pressure in an oxidizing atmosphere containing HQO to control the stoichio-

metry of the resulting oxide. The oxygen is introduced in the form of water

vapor generated by the reaction

= +
H, + €O, = H0 + CO (1]

at the substrate. This reaction is not surface catalyzed and proceeds read-
ily in the forward direction provided the temperature of the gases is great-
er than 800°C. The water-gas reaction is incorporated primarily to reduce
the premature hydrolysis of the organometallics since they would react with
any water vapor that exists in the vapor space forming finely suspended al-
koxides. Thus, it is essential that all components retain their individual
identities until they reach the substrate where they spontaneously react6a
Various organometallics supplied by duPont as "Tyzor'" organic ti-
tanateslBO were used, including the alkyls [tetraisopropyl titanate (TPT),
tetrabutyl titanate (TBT), polymerized tetrabutyl titanate (PB)], and a
chelate [titanium acetyl acetonate (AA)]. Tetraisopropyl titanate exhibits
the highest vapor pressure of any of the tetraalkyl titanates and thus is the
most sultable candidate for vapor.phase applications. On exposure to water,
moist air, or substances containing water the alkyl titanates hydrolyze.
"Tyzor'" PB is a partially hydrolyzed titanate and is a prepolymer of the ulti-
mate polymerization product, titanium dioxide. The titanium chelates are
much less reactive than simple alkyl titanates and proved ineffective in form-
ing TiOge The tetrabutyl titanate has such a low vapor pressure that it con-
denses into a powdery deposit in the room temperature flow lines between the
vaporizer and the deposition chamber. Both TPT and PB work satisfactorily,

however, the PB requires a source temperature 2-3 times greater than the TPT.

The reaction that follows equation 1 above for TPT is
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Ti(0C + 2H, 0 » TiO2 + LCH_CHOHCH [2]

3 7>h 2 3 3

The titanium compound above is liquid at room temperature and has
sufficient vapor pressure to permit the rate of delivery of the respective
gas to the reactor to be controlled by regulation of the flow of hydrogen
over the liquid, rather than bubbling through the liquid. This is desirable
in order to prevent the formation of spray droplets which may collect down-
stream, producing a variable and too concentrated a plating atmosphere.

They may also tend to nucleate growth defects on the surface of the substrate
This would appear to be a disadvantage in the water-bubbler system used by
FeuersangerSO

For the reactions under consideration the standard free energies are
negative at room temperature, but the reactions will not occur at this tem-
perature because they are dependent upon the water vapor being produced by
the water-gas reaction, equation 1.

Work on various metal-organic compounds presented at a Symposium on
Metal-Organic Compounds at the Miami meeting of the American Chemical Soci-
ety in April, 1957, appears in book formlg. From papers presented by Herman
and Beachman of the National Lead Co. and Hasham of duPont at this conference
and from work of Bradleylu, Brilll6, and other published datalB, one gains an
insight into the chemistry of titanium organic compounds.

The alkyl titanates may be considered the esters of orthotitanic acid
[Ti(OH)h] in which the four hydrogens of that hypothetical acid are replaced
by four alkyl groups. Thus Ti(OR)lJr is the general formula for an alkyl ti-
tanate, R representing the alkyl group.

On exposure to water, moist air, or substances containing water or
hydroxyl groups the alkyl titanates hydrolyze. Isopropyl titanate hydro-

lyzes very rapidly, sec~butyl titanate hydrolyzes rapidly, butyl titanate
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hydrolyzes and 2-ethylbutyl and 2-ethylhexyl titanates hydrolyze relatively
slowly, thus affording the researcher an opportunity to vary rates of hydro-
lysis, as well as the type of hydrolysis product. The extent and rate of
the reaction are mainly dependent upon the ratio of water to alkyl titanate.
In all cases the eventual result of the complete hydrolysis is the forma-
tion of titanium hydrate and released alcochol. The mechanism is believedl
to involve the formation of an intermediate complex between the ester and
water,

The hydroxyl ester cannot be isolated since it immediately reacts
to give the dimer. The hydrolysis proceeds stepwise as shown in the follow-
ing reactionl6’l30:

x(RO) _TiOTi(OR). + xH.O - 1(-Ti(OR).0O-). + 2xROH [3]

3 3 2 27 ‘ox
and continues as follows

(—Tl(OR)QO—)X + xH,0 > xTi0, + 2xROH (4]

giving as the end result a clear amorphous film of TiO As pointed out pre-

X
viously, the water-gas reaction, equation 1, will make this reaction more con-
trollable and prevent deposition of the TiO2 prematurely before reaching the
substrate.

The alkyl titanates, when heated, pyrolyze to yield relatively hard
glassy productsl6. In the case of tetrailsopropyl titanate, the reaction can

be illustrated as:

. fe) . .
2(03H70)AT1 302 0(03H7o)3 TlOTl(OC3H7)3 + 03H7OH + C3H6 [5]

The primary decomposition products of isopropyl titanate seem to be propylene,
isopropyl alcohol, and titanium dioxidelS.

Current-voltage data presented in Chapter V show the high temperature

hydrolysis films to be superior to the lower temperature pyrolysis films.




CHAPTER IV.

EXPERIMENTAL TECHNIQUES AND FILM PROPERTIES

Chemical vapor deposition (CVD) utilizing the reaction of titanium
organometallics in an oxidizing atmosphere containing water vapor forms the
titanium dioxide films of this work. Chapter II discusses CVD as a film for-
mation technique in relation to other techniques. Chapter III discusses the
organometallic compounds used and the reactions involved.

A. Apparatus.

Figure 1 illustrates the deposition apparatus. It provides a means
for regulation of the reactant concentrations at the plating zone, a means
of dispersing the reactants evenly over the substrate, and a means for the
regulation of the substrate temperature. The temperature sensor is an Ircon
infrared radiation pyrometer focused through a guartz window onto the sub-
strate surface. The substrate rests on a graphite susceptor inductively
heated at 300 kHz. The water jacket surrounding the reaction chamber keeps
the quartz wall temperature low enough to limit the deposition to the sus-
ceptor and substrate. Pressure regulators, regulating valves, and flow
meters provide the necessary regulation and control. A gas washing bottle
serves as a vaporizer for the reactant which is liquid at room temperature.
Quartz, stainless steel, and teflon lines, valves, and fittings help insure
purity of the deposit.

B. Substrates.

Substrates are platinum-coated quartz and polished silicon. The sil-
icon is 10 ohm-cm p-type [111] and 20 ohm-cm n-type [111] mechanically pol-
ished. The glices are one inch diameter and eleven mils thick. The quartz
discs are one inch diameter and 1/16 inch thick. A glass cleaning solution

consisting of 35 cc saturated potassium dichromate in 1 liter of concentrated

18
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sulfuric acid, followed by rinses in deionized water, methanol, and trichol-

ethylene cleans the quartz discs. The platinum evaporates onto the quartz

disc from a tungsten filament at a pressure of 10~

ed system.

P

torr in a diffusion pump-

Eight mil wire, tightly wound onto the filament, serves as the

evaporation material. The cleaning procedure135 for the silicon slices is:
1. Use deionized water in all cleaning steps.
2. Clean all glassware and other hardware to be used with a non-
ionic detergent or cleaning compound.
3. Scrub the wafers with detergent.
i, Place each wafer in a 50 ml beaker and flush with water five
times.
5. Cover the wafer with methyl alcohol and ultra-sonically agitate
for 30 seconds.
6. Pour off methyl alcohol and cover with trichloroethylene.
7. Heat the trichlorocethylene until boiling has been observed for 30
seconds.
8. Pour off the trichloroethylene and repeat step 7.
9. Pour off the trichloroethylene and cover with methanoOl.
10. Pour off the methanol and flush beaker with water five times,
11. ¥Fill the beagker half full of concentrated nitric acid and heat at
80°C for approximately 20 minutes.
12. Pour off the nitric acid and flush with water five times.
13. Cover with 48% hydrofluoric acid for two minutes to remove any
silicon oxide.
14. Rinse with water five times.
15. Cover with methyl alcohol for 30 seconds.
16. Pour off methyl alcohol and store in trichloroethylene.
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C. Deposition Conditions.

After cleaning and placing the sample in the deposition chamber,
flushing the system with helium gas precedes heating. After heating the
sample to the desired temperature in a hydrogen atmosphere for three minutes,
the gases are introduced as follows:

H.: 530 cm3/min

2
_ 3, .
CO2. 240 cm™/min
He across Ti(OC_H_) 4600 cm3/min

3P L
Temperature of Ti(OC3H7)u: 100°¢C
Temperature of substrate: 900-950°C
Growth rate: 100 z/min
Observing the color of the interference fringes gives the film thick-
ness during deposition. At the desired thickness, the He and CO2 are shut
off, but the hydrogen remains. Cooling the substrate in hydrogen precedes
a final helium flush. The commonly used thickness is 2000 angstroms. Evap-
orated aluminum or platinum dots with 1 mm2 area form the upper metal elec~

5

trode at 10 °~ torr. Deposition temperatures ranged from 400°C to 1000°C,
however, the films formed at temperatures below 850°C exhibit poor electrical
properties as shown in Chapter V and appear by fast neutron activation analy-
Si826 to be oxygen deficient and not stoichiometric TiOE. The thickness of
the deposited film increases linearly with time. The deposition rate is con-
stant, since the film is deposited from a chemical reaction, and not diffusion
limited in the solid, as is the case of thermally grown oxides. The deposi-
tion rate is dependent on the flow rates of the gases and on the temperature
of the organometallic, but is relatively independent of the substrate temp-
erature. This agrees with the thermodynamic predictions of Chapter III. No

observable differences occur in the deposition of the film on platinum or

silicon substrates.
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D. Film Composition.

Past neutron activation analysis determined the stoichiometry of the
filmsg6° The irradiation and measurements of l6N activity used in the oxygen
determination were made at the Texas Nuclear Corporation on a 150 KeV positive
ion accelerator and the measurements of the h8Sc activity used in the titanium
determination were made with a Triga Reactor in the Neutron Activation Analysis
Laboratory of the Nuclear Reactor Laboratory of The University of Texas at
Austin. The determination of activity induced in titanium is simplier be-
cause of the longer half-life. Comparison of the radioactivity produced be-
tween that produced in the deposited thin films and that in standard mixtures
having known proportions of titanium and oxygen determines the proportion of
titanium and oxygen in the deposited film. The technique has the advantage
of being rapid and non-destructive. The technique 1s based on the principle
that when a material is irradiated by the neutrons from a nuclear reactor,
particle accelerator, or other suitable source, some of the atoms present in
the material will interact with the neutrons and be converted into different
isotopes of the same element or isotopes of different elements depending on
the nature of the interaction. In many cases, the isotopes produced are
radioactive. If each different kind of radioactivity can be distinguished or
separated from all the radioactivities produced, then the amount of each activ-
ity is a measure of the quantity of the parent isotope present in the material.

Meaningful results require the presence of a rather large quantity of
titanium dioxide. Therefore, special samples were prepared with 2 to 3 mi-
crons of titanium dioxide by both the low temperature process (550°C) and the
high temperature process (850°C). Additional 550°C and 850°C samples were
oxidized in dry oxygen at 800°C for two hours and analyzed. The low tempera-

ture samples give a ratio of Ti:0 of about 2:3 and suggest the presence of
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the compound Ti The high temperature samples and the oxidized samples

293"
give a ratio of about 1:2 and suggest the presence of the compound TiOE.

E. Appearance and Structure.

The deposited films appear smooth and reflective, much like films
of Sioge An x-ray diffraction powder pattern identifies the film to be ti-
tanium dioxide and this, with a Laue diffraction pattern, shows the film to
be polycrystalline. The films used in the x-~ray diffraction experiments
were approximately one micron thick deposited on silicon.

F, Adherence and Stability.

The Ti02 film adherence to the substrate is entirely satisfactory.

The film does not show any tendency to pull away from the substrate during
the classic "scotch tape test" used in the semiconductor industry. The oc-
casional occurrence of peeling during etching indicates that the TiO2 is not
as adherent as 8102 or Si3Nh. Forty-eight per cent hydrofluoric acid
etches the film at about 700 angstroms per minute. The TiO2 film maintains
reproducable electrical characteristics after prolonged storange in a desic-
cator or in the room atmosphere and after dunking in water. The films are
relatively hard, but are not as resistant to scratching as Si02 or SigNh°

G. Thickness and Refractive IndeXx.

The refractive index, as determined by ellipsometry, is about 2.0.

19

This is lower than the value of 2.6 for rutile and is probably due to the

presence of Siog, with a refractive index of 1.46 at the interface between
the silicon and the TiOZ. However, values from 1.96 to 2.6 have been reported
50,63,81,69,90,132 for the index of refraction of thin films of TiO2° The
ellipsometer also determines the thickness of the films. This agrees with the

thickness determination using the color of the interference fringes with a

valvue of 2.0 for the index of refraction. The method of ellipsometry is non-
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destructive and capable of extremely high accuracy. Ellipsometry measures
the effect of reflection on the state of polarization of light. The polar-
ization state of light is characterized by the phase and amplitude relations
between the two component plane waves of the electric field vector into which
polarized light may be resolved. One component (p) lies in the plane of in-
cidence and the other component(s) projects normal to the plane of inci-
dence. Reflection causes a change in the relative phases of the p and s
waves and a change in the ratio of their amplitudes. In the Gaertner ellip-
someter used here, the incident monochromatic light (A = 5461 K) passes in
sequence through the collimator, the polarizer, and the quarter-wave-plate.
The azimuthal orientations of the polarizer and the quarter-wave-plate deter-
mine the relative amplitudes and phase difference between the p and s compon-
ents of the incident beam. These orientations are adjusted so that the dif-
ference in phase just compensates that which results from reflection. The
plane polarized beam is then reflected off the sample at an angle and trans-—
mitted by the analyzer through a telescope to the detector. With the polar-
izer and quarter-wave-plate oriented for compensation, the analyzer is ad-
Justed to extinguish the reflected beam. Then from the angles determined by
the polarizer, the quarter-wave-plate, and the analyzer settings, values of
thickness and index of refraction are found using the SDS 930 research com-
puter and a program written by Grady Rylander IIT, of this laboratory108.

The program originates from Snell's law of refraction, the Murmann-Forsterling
formulae, and the Fresnel reflection coefficients, and the fundamental equa—

92

tion of ellipsometry originally used by McCrackin This program gives the
thickness and index of refraction directly rather than in terms of assumed

thickness and index of refraction as presented by McCrackin which required

curve fitting with families of curves. These measurements were used to
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establish a color chart and to provide a spot check on thickness values nor-
mally obtained from the color of interference fringes.

H. FElectrical Measurements.

Figure 2 shows a block diagram of the capacitance measurement system.
A General Radio 1615A capacitance bridge measures the capacitance to six sig-
nificant figures and the dissipation factor (tan §) to four significant fig-
ures with a frequency range of 20 Hz to 100 kHz. Both dc bias and ac signal
must be applied to the sample. Keeping the ac signal level low, about 10
millivolts, gives the ac capacitance at various values of applied dc bias
with high accuracy. The equation C = KEOA/d yields the dielectric constant
of the film. Chapter VI discusses the results of the capacitance-voltage data.

Figure 3 shows a block diagram of the current-voltage measurement sys-
tem. A Keithley 610B electrometer or Hewlett-Packard L25A micromicroammeter
measures the current and a HP 413A dc voltmeter measures the voltage. Chap-

ter V discusses the results of the current-voltage data.
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CHAPTER V.

CONDUCTION PROPERTIES OF TITANIUM DIOXIDE

A, Conduction Mechanisms:

Conduction properties in thin dielectric films have been studied

34,47,82,93,94,96,117,137

extensively in recent years A large number of
nearly amorphous insulating materials are known which, when a high elec-
tric field is applied to thin films of the substance, exhibit a current
flow which increases roughly exponentially with applied voltage over many
decades. The voltage required for a given current in many of these mater-
ials decreases monotonically with absolute temperature. Current mechanisms
which might exist in thin film dielectrics include ionic flow, tunneling,
space charge limited flow with distributed traps, Schottky emission, and
Poole-Frenkel emission.

Imperfections in any real material allow states to exist in the
forbidden band. These states (traps)affect the conduction process by cap-
turing and emitting carriers to the conduction and valence bands. - In in-
sulators, traps collecting carriers compensate for traps contributing free
carriers to the conduction process, i.e., acceptor traps compensate donor
traps. Insulating materials with a large number of localized states
(traps) remain insulating because of a high degree of compensation, or the
energy difference between the traps and the nearer band is large compared to
the thermal energy.

Significant current may flow in insulators at high temperatures and
high fields due to the increasing quantity of free carriers. The carrier
injection mechanism determines to a large extent the electric properties of

the material and is therefore of great importance to device designers. Con-

sider now some of these conduction mechanisms:

27
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1. ZIonic Flow.

In an ionic crystal, such as the alkali halides, currents occur as a
result of the migration of ions under the influence of an electric fielduh,
similar to the electrolytic conduction of aqueous solutions of salts. Ionic
conduction would exhibit an exponential volt-ampere characteristic and a de-

93

creasing voltage-temperature characteristic Maserjian and MeanQO inter-

pret their results on evaporated thin films (100-400 K) of Ti0, in terms of
a large ionic space charge in the TiO2 films. For ionic conduction the tran-
sient time for ions should be gquite large and there should be a transport of
material from one electrode to the other. Ionic flow is eliminated as a pos-
sible mechanism in this work because large currents were maintained in the
samples for extended periods of time without observation of current decay
due to ionic build-up near an electrode. One should note mechanical changes
or plating of one electrode material onto the other electrode if ionic cur-
rents were present. Also, it is generally believed that lonic currents of
the required magnitude to explain the results in thin films could not be sup-
93

ported in thin films for more than an instant without material breakdown” ™.

2. Tunneling.

Tunneling occurs when the barrier becomes thin enough for appreci-
able quantities of electrons to penetrate the barrier and emerge to the other
side9u’ll6’118’123. Figure 4 shows three ways tunneling occurs:

(a) Tunneling from the conduction band of the metal into the con-
duction band of the insulator;
(b) direct tunneling from the conduction band of one metal into the

conduction band of the other;

(¢) +tunneling from the valence band of the insulator directly into
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the conduction band of the insulator.

Fig. 4 Various Ways Tunneling Can Occur

Mechanism (c) occurs only at very large fields.

Mechanism (b) is

o]
unlikely for films > 50 A, but mechanism (a) occurs for thicker films due to

narrowing of the barrier by the electric field.

sion for mechanism (a) which is of the

J = A

2 3\
1€ exp(—Ae/E/

where Al and A, are constants and £ is

2

. . 2
an expression showing a T temperature

ing. Hartman and ChﬁdanTl

. 11 . .
Simmons gives an expres-—

form

[6]

.
the electric field. Stratton"23 gives

dependence of the current for tunnel-

confirm this T2 dependence and report that the tun-

neling current drops to 30 to 50 per cent of its room temperature value at

ligquid nitrogen temperatures.

Tunneling is eliminated from consideration here becsuse of the thick-

ness of the films and because tunneling would not show the large temperature

dependence observed. No T2 dependence

6 is observed.

or dependence on E given by equation

3. Space charge limited current.

When an insulator is brought into contact with metal electrodes,
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electrons are injected from the layers of initially high Fermi level into
the layers of low Fermi level to satisfy thermal equilibrium. In the ex-
ample of figure 5, electrons will diffuse from metal 2 to metal 1 (since
wml > wmz) and the dielectric will gain electrons from both of the adjoin-
ing electrodes. This results in a negative space-charge density in the re-
gion of the insulator adjacent to the contact. An equal amount of positive
charge remains on the contact resulting in a field causing a gradual rise
in the potential barrier from ¢O at the interface to a larger value inside
the insulator, as shown in figure 5.

An equally valid case pointed out by Schmidlinlll occurs when the
Fermi level of the insulator is higher than the Fermi level of the metals.

Then the dielectric will lose electrons to the adjoining electrodes. Thus

the dielectric does not necessarily have to gain electrons.
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The application of a bias to the system results in the appearance of
an additional positive charge on the anode and an equal amount of negative

52

charge in the insulator as a space charge It is this space charge which
carries the current. The charge distribution in the system under applied
bias consists of a positive charge on the cathode originating from thermal
equilibrium reguirements, a positive charge on the anode maintained by the
applied bias, and a negative space charge in the insulator equal in magni-
tude to the sum of the positive charges on the cathode and anode.

The current flow in the system described above is space charge lim-
ited with the current in the cathode region flowing primarily by diffusion
and that in the anode region primarily by drift. For an unlimited supply of
carriers, the expression for one-carrier, trap-free, space charge limited
current (SCLC) is of the form52

J a V2 (7]
In general, the assumption of an unlimited supply of carriers does not hold
and traps cause important effects on the current. This V2 dependence is not
observed for these ‘I‘iO2 films.

- Space charge limited currents affect the field distribution which in
turn affects the injection process. Frank and Simmons52 consider the ef-
fects of space charge on emission-limited current flow in insulators. They
find that after the current reaches the value in equation 7, as the voltage
is Increased, resulting in an increasing negative charge in the insulator,
positive charge is removed fiom the cathode, reducing the barrier height ¢max
at the metal-insulator interface,and allowing more current to flow. When
this positive charge is depleted, ¢max is equal to ¢O, and the contact is no

longer ohmic and emission limited current sets in. Negative charge now be-

gins to appear on the cathode, as well as in the insulator and the contact
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changes from an ohmic contact to a blocking contact so the current becomes
contact or emission limited rather than bulk limited. This blocking effect
(Schottky emission) does not occur as the bias is increased for these films
eliminating SCLC as a possible mechanism.

b, Thermionic Emission - Schottky Emission and Poole-Frenkel
Emission

Thermionic emission occurs when the carrier receives enough ther-
mal energy from the lattice to surmount the restraining potential barrier
separating its energy state from the lowest available state in the conduc-
tion band of the insulator. Thermionic emission subdivides further into
electrode and bulk-controlled phenomena.

The Poole-Frenkel and Schottky effects result from the lowering of
a coulombic potential barrier by an applied electric field. The Schottky
effect is associated with the barrier at the surface of a metal and a semi-
conductor. The Poole-Frenkel effect is associated with barriers in the bulk
of the material. Donor sites, acceptor sites, and traps, as well as elec-
trons in the valence band experience the Poole-Frenkel effect. For a trap

117

to experience the effect , 1t must be neutral when filled and positive
when empty, otherwise, due to the absence of the coulomb potential the trap
will not experience the effect.

Figure 6 shows the mechanisms of these effects. The solid line rep-
resents the coulombic barrier without the field. The dashed line shows the
effect of an electric field on the barrier. The dash-dot line is propor-
tional to the applied field.

Consider first the mechanism of Schottky emission over the metal-
insulator interface shown in figure 6a. This resembles closely the case of

thermionic emission into a vacuum and with no electric field present follows

the Richardson-Dushman equation
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T = AT exp (~4g/xT) [8]

where

) m
*
A = 2em*k 120 E% amp/(cm-—degree)2 [9]

S (2ﬂ)2h3
The thermionic current is negligible at normal temperature. However,
application of an electric field lowers the barrier height and increases the
current by giving the electrons additional acceleration. The emitted elec—
tron sees an electrostatic force of attraction between itself and the emis-
sion surface caused by the image charge appearing within the conducting sur-
face when the electron is emitted, as shown in figure Ta. The magnitude of
this image force, is
2

Foe—— newtons [10]

hmee (22)°
(o]

An applied external electric field exerts a force on the electron
given by
F=q (11]

This results in a barrier lowering given by

- 3 1/2 _ 1/2
Ao = (e7g/bmee ) = Byt [12]
resulting in an effective barrier
berr = %5 7 Mg [13]

which gives the equation for Schottky emission as

To = AT exp [-(4g - Aog)/kT] [14]

The proper dielectric constant is the electronic component (square of
the index of refraction) since the electron is immediately collected by the
field and does not polarize the ions in the vicinity.

Consider now the Poole-Frenkel mechanism. Deviations in the slope

of the log J vs. £1/2 curves from the value predicted by Schottky emission



S Metal Surface

(a) Schottky Effect

_ Original
Site

(b) Poole-Frenkel Effect

Fig. 7 Restoring Force on Escaping Electron

35.



36.

(equation 1k4) are explained by a model first proposed by FrenkelSh based on

54,77,93,124 £

internal, field assisted, thermal emission. Several authors ind

that it best explains their data. Recently, O'Dwyerlog and Emtageh6 intro-
duced new models, based on tunneling mechanisms, which attempt to account for
the slope differences. A recent paper by SimmonsllT considering a Poole-
Frenkel type model with neutral traps lying above the Fermi level and donor
states lying below the Fermi level, significantly clarifies the theory. Hu,

13

et al. 7, in a short paper, modified the Poole-Frenkel model to account for

differences in the slopes of the log o vs, 51/2 curves. Yearganl3T

extended
the Poole-Frenkel model to include the effects of compensation showing that
the relative densities of donor and acceptor sites control the slope of the
log J vs. 51/2 plots,
The current density expression for Poole-Frenkel emission arises from
the expression for the conductivity of a material
0 = neyu ohm~cm [15]

The concentration of free electrons in the material is

n = n_ exp (-¢/rkT) [16]

where r is a parameter ranging between 1 and 2 depending on the relative den-
sities of donors and acceptors. The potential difference, ¢, exists between
the trap level and the lowest state in the conduction band. Using the energy
band model with a single level each for donor and acceptor traps in the for-

bidden band of the insulator, the concentration of free carriers for an in-

trinsic material isllg
_ 1/2
n = (NN )™" exp [-(E - E_)/2kT] (17]
. . , 119
For n-type material with no acceptor sites
NN
1/2
n = (——g—ii—) / exp [-(EC - Ed)/QkT] = n, exp (-¢/2kT) [18]
where Na<< Nd’ Na<<IL




37.
137

However, when traps or acceptor sites are present these levels are
lower in energy than the bottom of the conduction band so they tend to fill

first causing a change in the above expressions. When the number of electrons

in the conduction band is small compared to either the donor or acceptor den-

sity, then the concentration of free electrons 15119
NC(Nd—Na)
2 e «[-_. — = —_
n o _ exp | (EC Ed)/kT] N, €Xp (-¢/kT) [19]

where n<k:Nd, n<KiNa¢
The application of an applied field as shown in figure 6b lowers the

potential required to excite thermally an electron into the conduction band.

54

Frenkel- calculates the barrier lowering as

bopg = (e3e/mec )7/P = g et7 [20]

PF
Note that the Poole-Frenkel effect results in a barrier lowering twice as
great as for the Schottky effect because the positive image charge is fixed
for the Poole-Frenkel barriers, but mobile with Schottky emission as shown in

figure 7. The effective force contributing to the escape barrier for Poole-

Frenkel emission from the ionized trap is

2
F =—~—Ji~f~y? Newtons [21]

hnee {2
o

in contrast to equation 10.

This results in an effective barrier

berr = Ppp T Afpp [22]
Hence, the current is
J = 0 £ = neug (23]

where n is given by equation 18 or 19,

Therefore, the Poole-Frenkel eguation becomes
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Case I N <<N,, N <<n
a d a
Tpp = eun € exp [=(pp = Adpp) /2kT) [24]
Case II n<< N,, n<< N
d a
Jpp = eunyE exp [-(dpn = A9pp)/kT] [25]

These equations may be written as

Jpp = 0,& exp (A¢PF/2kT) =0 & exp (A¢S/kT) [26]

with only one type of site present, and

Top = 08 ex0 (Bo,p/KT) = 0 £ exp (289 /KT) [27]

with compensation, where o, = new.

Therefore, both the Poole-Frenkel and Schottky mechanisms yield

straight lines on plots of log J vs. 51/2

and both may exhibit the same slope
on these plots depending on conditions within the insulator. Both effects are
likewise exponentially dependent on 1/T. These criteria are then insufficient

137 ‘

for unique identification .

Rewriting the Schottky equation as

Jg = J_ exp (A¢S/kT) [28]

note that JO is exponentially dependent on the barrier height at the metal-in-
sulator interface (figure 6) while 5, is exponentially dependent on the bar-
rier of the donor sites within the insulator. Therefore, the current charac-
teristics of MIM devices using metals with different work functions will be
highly asymmetric for Schottky emission and symmetric for Poole-Frenkel emis-
sion.

The barrier height can further verify the presence of Schottky emis-

1/2

70. The ordinate intercept of a log J vs. & plot yields ¢S and the

sion
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slope of a plot of log J/T2 vs. 1/T yields ¢S - A¢S, however, equation 12

gives A¢S. The barrier ¢S should agree when obtained by these two methods.

1/2

For Poole-Frenkel emission, analysis of the log o vs. & curves be-

gins by noting the limiting slope values of

3
_ o, e” \1/2
m = (WEE )77 /2kT [29]
o
with donors only present, and
3
_ (e~ \1/2
m = (WEEO) /T [30]

with compensation.

An independent measure of g, the high frequency dielectric constant,
then determines if compensation is present. A knowledge of the degree of com-
pensation now allows the barrier height ¢PF to be determined. Biasing the di-
electric to a suitable value of current and varying the temperature at a con-
stant bias yields daﬂa which exhibits a straight line plot of log I versus 1/T.

The slope of this line is proportional to the activation energy, €4 from

J = Ale—gd/kT [31]
The activation energy is related to the barrier height by
R N Pl Wl [32]
a r “'PF mee

where v = 2 with donors only present and r = 1 with compensation. A knowledge

of the degree of compensation, r, obtained by comparing the measured slope
with the limiting values from eguations 29 and 30 and the barrier height gives
information about the density of traps. The intercept of the log o versus gl/2

curve 1s a measure of OO, which is a function of the trap density. The barrier

height of the traps results from the log I versus 1/T variation.
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B. Experimental Results and Discussion.

Mead93, with Ta, O_ films, and Szeleh, with SiSNh’ identify three com~

275

ponents of current. They find that a) Poole-Frenkel or internal Schottky emis-

sion dominates at high fields and high temperatures, b) field ionization domi-
nates at high fields and low temperatures, and c) thermal hopping of carriers
from one isoclated state to another dominates at low fields and moderate tem-
peratures. The thermal hopping mechanism yields an ohmic characteristic, ex-

23 states that at higher tempera-

ponentially dependent on temperature, but Mead
tures, this mechanism would normally be expected to contribute much less cur-
rent than mechanism (a). The field ionization mechanism yields a current-
voltage characteristic independent of temperature. Figure 8 shows the current
variation with temperature for these devices ylelding an activation energy of
0.11 eV. Mead suggests that such a low activation energy might be due to some
electron hopping from one trap to another with low mobility. However, no
ohmic behavior is observed experimentally to support this suggestion. This
exponential dependence of the current on temperature is further evidence that
tunneling is not observed here.

Figure O shows that experimentally the current is proportional to exp
(m&l/z) where m is a constant and £ the electric field. This behavior can be
explained either on the basis of Schottky emission (equation 13) or Poole-
Frenkel emission (equations 24 and 25). Schottky emission depends strongly on
the barrier between the metal and insulator and should vary with the metal
work function. TFigure 9 shows that such dependence does not appear experi-
mentally for MIM structures. If Schottky emission dominates, a difference of
only 0.06 eV in the barrier heights at the two metal-insulator-interfaces re-

sults in a decade of current difference at equal and opposite fields. The de-

vice of figure 9 has platinum and aluminum electrodes which have a work
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function difference of approximately 1 eV. The Poole-Frenkel effect is as-
sociated with barriers in the bulk of the material, and the polarity inde-
pendence, exponential dependence with 1/T, and exponential dependence with

1/2

v , imply that Poole-Frenkel is definitely the dominant mechanism,

—

Figure 10 presents the voltage required to produce lO—( amperes

93, the linearity of

through films of various thicknesses. According to Mead
such a plot indicates that the observed currents are not space-charge lim-
ited due to traps. The space-charge limited current for a quasi-continuum
of trapping states between the Fermi level and the conduction band is non-
linear in terms of film thickness. Also, any model in which the electrodes
cause rate limiting in the transport process predicts a deviation from line-
arity due to low mobility. Mead93 concludes that the linearity of such a plot
implies that the bulk of the material limits the current and not the potential
barriers at the electrodes. Also, the passage of this curve through the ori-
gin definitely implies a bulk controlled mechanism.

On MIS devices (figure 11) a polarity difference exists, suggesting
a penetration of the electric field into a surface or depletion layer of the
semiconductor with reverse bias, rather than variations in the barrier heights.
In the forward direction, the field within the insulator dominates the cur-
rent which increases exponentially with bias voltage as for the Poole-Frenkel
effect.

Wang133 recently studied this saturation effect with reverse bias for
a metal-polymer-silicon (n-type) (MPS) structure using polymerized silicone
diffusion pump oil and interpreted the results in terms of the proportion of
the voltage drop across the polymer and the semiconductor to the total bias
voltage. J.D. Trotter, of this laboratory, proposed a model whereby the gen-

eration of electron-hole pairs in the depletion layer of the semiconductor




APPLIED VOLTAGE (VOLTS)

o

00

Si-TiOp - Al
p-type, Al NEGATIVE
T=300 °K

I1=10"" amps
P4 L ]

A=Imm

Ll

|
1000
FILM THICKNESS (A)

Fig. 10 Voltage vs. Film Thickness




CURRENT (AMPS)

B 45

3 &
- /
B /I
i /.
i /B
3 g
f II/ Si-Ti0, Al
[ n/ p-type 108Q-cm
i /a A=2.3mm2Ti0, =
g 2000 A
_ / T=300°K
- &
- Al POS
. ._,__7 '
.‘,,——0
— °/
5 /./
] 1 f } i !
5 | 2 3
(voLTs)!/ 2
1/2

Fig. 11 Current vs. (Voltage) for MIS Device




L6,

limits the current flow in the reverse bias condition causing saturation.

Two "impedances" corresponding to the voltage drop across the dielectric and
semiconductor are associated with the MIS device. At low bias, essentially
all the applied voltage appears across the dielectric. As the reverse bias
increases, the drop across the semiconductor begins to appear as the semicon-
ductor forms a depletion layer. At some voltage, the impedance of the semi-
conductor increases to a value equal to that of the dielectric and the volt-
age is shared equally between them. Thereafter, more of the voltage falls
across the semiconductor. Figure 11 shows that this saturation begins to oc~
cur for TiO2 at approximately 0.5 volt which, as will be shown in Chapter VI,
is at least as great as the voltage that the capacitance-voltage curve shows
for the formation of an inversion layer. The formation of an inversion layer
causes the capacitance to approach a minimum value. Actually, there is a
field induced p-n Jjunction at the semiconductor surface. For the case of
Wangl33, using n-type material, this p-n Junction causes injected electrons
from the negative voltage on the insulator electrode to combine with the holes
in the inversion layer. Until the inversion layer becomes strongly inverted,
the recombination rate is not high and the mean free path of the injected
electrons in this layer is longer than the width of the inversion layer al-
lowing a large number of electrons to pass into the neutral n-region. As the
inversion layer becomes strongly inverted, the charge in this layer is strong-
ly increased. Now the recombination rate in the inversion layer limits the
current passing through the MIS device because the holes in the inversion layer
capture electrons entering from the insulator. Since the current flow has to
be maintained in the device, holes from the depletion region have to be sup-
plied to the inversion region and an equal number of electrons in the deple-

tion layer have to move into the neutral n-type region; however, the current
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ig limited by the generation-recombination processes that take place in the
field-induced junction.

For the present case of TiO2 on p-type silicon, the situation is some-
what simplified. For n-type silicon, the surface must be strongly inverted
and the inversion layer must contain a sufficient supply of holes to trap all
of the electrons injected by the negative blas on the dielectric. For the
p-type silicon, the surface is inverted when there is a positive bias on the
dielectric. Therefore, electrons in the inversion region supplied by elec-
tron-hole pair generation in the depletion region are the only source of elec~

trons reaching the positive terminal on the TiO The number of electron-hole

X
pairs generated (and hence the number of electrons available for conduction

in the Ti02 and consequently the current) depends on the volume of the deple-
tion region. Since the width of the depletion region continues to lncrease a
small amount as the voltage is increased, the current continues to increase
slightly. In addition, surface leakage currents may be present in silicon p-n

109

Junctions These surface currents may increase with voltage depending on
the condition of the surface. For this reason, a flatter saturation current
should imply less surface currents. Not all of the devices measured exhibit
a saturation current as flat as that shown in figure 11, but this curve was
chosen for purposes of quantifying the above model because the surface current
effect is small.,

In the reverse blas case of a p-n junction, the current consists of
the generation-recombination current in the depletion region and the diffu-

02 for the

} . 1
sion current generated in the neutral n and p regions. From Sah
case of a reverse biased silicon diode, the current generated in the deple-

tion region is extremely large compared to the diffusion current. Sah's

model for the total recombination current for this case is
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Igr = qQUX A [33]

where Xd is the width of the depletion region and U is the generation rate
given by

U= - ni/ZTO [34]

where T is the effective carrier lifetime within the depletion region. Thus,
the current flowing due to this effect is

Igr = an, X A/2T [35]

The lifetime is the only quantity on the righthand side of equation 35 which is

61,109

not known exactly. From measurements on p-n junctions of similar mater-

ial, a lifetime of lu second seems appropriate. Using this wvalue with n, =
10 -3 9

1.45 x 107 7em 7, and X_ = 1 micron yields Igr = 10

q amps which agrees closely

with the experimental value of the saturation current from figure 11.

The generation current is dependent upon the width of the depletion
layer. For higher resistivity semiconductors, the doping density is lower,
thus the width is larger and a higher saturation current level should be ob-

133 did not observe this saturation for resistivities less than

served. Wang
T0Q-cm or for p-type material. Wang probably did not observe this saturation
for p-type material because the polymer, like SiOz, inverts p-type silicon
causing appreciable surface currents to flow in the inverted channel and over-
riding the saturation current. It is significant that this saturation is ob-
served on 10Q-cm p-type material with titanium dioxide. This verifies the fact
that the polymer inverts p-type silicon while titanium dioxide does not. As
shown in Chapter VI titanium dioxide tends to invert n~type silicon creating

a p-type surface channel. This would imply that surface currents in the chan-
nel could prevent n-type saturation with TiO2 and this 1s seen to be true.

Figure 12 shows that the film deposition temperature has a strong ef-

fect on the conductivity. The films prepared at 500°C, described as not
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stoichiometric TiO2 in Chapter IV, have a current density about th times
greater than the 900°C films at a given field strength. This gives some fur-
ther evidence of a bulk conduction mechanism. The breakdown strength of
these 550°C films is only about 2 volts for a 2000 K film. The 850°C films
exhibit a conductivity an order of magnitude greater than the 900°C films

and a breakdown strength of about 5 volts. The 900°C films have a breakdown
>

strength of 10 volts which corresponds to a field strength of 5 x 10 volts/cm.

Films formed between 900°C to 1000°C show similar characteristics. When the

550°C films and the 850°C films are oxidized for two hours in dry O, at 800°C,

2

as described in Chapter IV, the properties of these films become equivalent
to the 900°C samples suggesting that the oxygen anneal replaces missing oxygen

and restores the film to stoichiometric Tiog.

Figure 11 shows that at low fields when the work function of the posi-
tive electrode is higher than that of the negative one, Poole-Frenkel mechan-
ism is effectively cut off by the negative electric field at applied voltages

less than the difference in barrier heights, and electron hopping from one

93

site to another may occur. Mead observes this for TagO films, and he ob-

p)

serves an ohmic characteristic at very low fields. Mead finds that somehow
this chmic behavior occurs at such low fields and low currents that it is dif-
ficult to cbserve experimentally. Figure 13 shows that for n-type material
where the work function of the positive electrode is lower than that of the
negative one, the Poole-Frenkel mechanism is not cut off by the field.
Equations 29 and 30 yield m as the expected slope of 1ln I vs. 51/2

if Schottky or Poole-Frenkel mechanisms are present. The slope should fall

between

3 3

0.73 x 107~ < m< 1.46 x 10~ (m/volt)l/2 [36]

using a dielectric constant of 4 (square of the index of refraction). The
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lower limit applies for Schottky emission (equation 12) and for Poole-
Frenkel emission with only one type of carrier present. The upper limit ap-
plies for Poole-Frenkel emission with compensation (both donor and acceptor

sites). The value of m from figure 9 and figure 11 are the expected values

for Poole-Frenkel emission with compensation (=1.5 x 10_3). The slope would

be one-hglf this for Schottky emission. The slope of the curves of figure 12

(=2.h4 x 10—3) are about 50% larger than one would expect for Poole-Frenkel

emission. Several possible explanations arise for this: a) Part of the field

93

layer under the TiO_.; b) Mead notes that in the

appears across the thin Si0 55

2
majority of his thicker films some mechanism, possibly concentration of the
field in small regions of the material due to a change in the structure of
the film, raised the experimental m; c) the low activation energy (0.11 eV)
suggest that perhaps some electron hopping from one trap to another with low
mobility is occurring in combination with the Poole~Frenkel mechanism93; a)
examination of the Poole-Frenkel effect expression, equation 24 and 25, shows
that for accurate comparison, experimental values of 1n (I/V) should be
plotted versus Vl/ga Figure 14 shows the result of this for the 900°C sample

3 to about

of figure 12. The experimental slope is lowered from 2.4 x 10
1.9 x 10_3 because of the moderate fields involved. The experimental slope is
now only slightly higher than the predicted value. For very high fields as
many authors use for SiSNh this correction is negligibly small; e) although
the measurements presented here are apparently steady-state values, a decay in
current lasting from a few seconds to a minute was observed after increasing
the voltage and if space charge regions associated with the contacts persist,
thelr width will decrease the effective thickness of the films causing the
slope, m, to be high3ue

The barrier height ¢S determined by the ordinate intercept of 1In J
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1/2 plots (equation 13, & = 0) differs from that determined by the cur-

vs. &
rent variation with temperature (equations 24,25 and 26). This is further evi-
dence that Poole-Frenkel is the dominant mechanism rather than Schottky. The

value of this low field activation energy ranges from 1.08 eV for the high

samples to approximately 0.83 eV for the more conductive sam-

1/2

resistivity TiO2

ples when calculated from ln J vs. £ , but it is 0.25 eV when calculated

from 1n J vs. 1/T. Therefore, this activation energy is equal to the energy

34

difference between the emission sites and the band edge and is equal to ap-
proximately 0.25 eV,

These considerations indicate that the dominant conduction mechanism
in titanium dioxide is Poole-Frenkel emission from donor and acceptor sites
and traps within the bulk of the TiO2 film. The sites lie approximately 0.25

eV from the band edge. Both donor and acceptor sites are present creating a

compensating effect.




CHAPTER VI.

CAPACITANCE~-VOLTAGE PROPERTIES OF METAL—Ti02~SILICON

The MOS capacitor structure sensitively reflects the electrical prop-
erties of the silicon-titanium dioxide system. A major discontinuity exists
at the interface between the ordered semiconductor crystal lattice and the
oxide layer. Energy states appear in the forbidden band of the interface
where, as localized allowed energy levels, they become sources of charge
strongly affecting the devices properties. Capacitance measurements yield in-
formation concerning these states.

The literature contains extensive reports on MOS work using silicon
dioxide and, more recently, silicon nitride as the insulator. Terman125 did
the first major work on the MOS structure in 1961 at Stanford University. In

84 83 62

late 1961, Lindner reported on the MOS surface varactor. Lehovec ~, Grove ,
; . 56 88 _ 33 ,
Garrett and Brattain” , Marcus ~, Gray and Brown™~, and many others have made

significant contributions toward understanding MOS phenomena.

A. Theory of the MOS Structure.

Numerous authors report the detalled mathematical analysis of the
theory of the MOS device. This section gives a qualitative discussion of this
theory. Consider the device of figure 15 using a p-type semiconductor. Bias
application consists of a dc potential applied to the device with a superim-
posed ac component. The capacitance bridge reguires the ac component in the
measurement. The ac component is less than 10 millivolts. The potential is
called a dc bias, however, the fact that an ac capacitance is actually mea-
sured i1s of great importance in the high frequency case. The following dis-
cussion is for the ideal case with no surface states or work function effects:

1. Accumulation Region.

Consider the situation of the metal biased negative with respect to

55
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the semiconductor. Figure 15a presents a band picture representing this sit-
uation. The applied field causes majority carriers (holes) to drift to the
left, but their flow is blocked by the dielectric. As a result, an accumula~-
tion of majority carriers forms a very narrow region at the silicon-oxide in-
terface. The ac component of the bias voltage modulates the drift velocity
of these carriers, but this modulation is small. The capacitance measured is
that of the oxide and is given by

Eoh [37]

The charge in the space charge region of the semiconductor is equal
and opposite to the charge on the metal plate due to the requirement of charge
conservation. The capacitance of the oxide is independent of blas. In view
of the forward bias, the only carriers of interest in this region are the ma-
Jority carriers. The mobility of these is such that at all frequencies of in-
terest they will reach equilibrium throughout the semiconductor very quickly.
This situation can be considered one of quasi equilibrium.

2. Flat Band Region.

The flat band case results at zero bias. As the name implies, the
bands are flat up to the edge of the semiconductor with no bending for this
condition.

3. Depletion Regicn.

As the bias becomes positive, the band picture appears similar to fig-
ure 15b and a space charge region appears in the semiconductor. The space
charge consists of uncompensated acceptor ions and the total charge in the
space charge region is just equal and opposite to the charge on the metal
electrode. The capacitor which is being measured consists now of two dielec-

trics, the oxide and the depletion zone of the semiconductor. The expression
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for the capacitance of a capacitor with this configuration is the same as for

two parallel plate capacitors in series,
= +
C COCSP/(CO Csp) [38]
where CO is given by equation 37 and

CSp = EOKSA/Xd [39]

as the bias is increased the depletion width increases and C decreases.

4. Inversion Region.

At some positive bias point the potential of the silicon-oxide inter-
face i1s such that the band is bent sufficiently to force the Fermi level
above midgap (the intrinsic level), causing the concentration of electrons
at the interface to increase sharply. This is in effect n-type material and
for a small, but finite, distance into the semiconductor the majority car-
riers are now electrons. This is called an inversion layer and is shown in
figure 15c¢. The net charge of electrons in the inversion layer has the same
sign as the uncompensated acceptor charge in the space charge region.

a. Low Frequency Case.

The low frequency inversion layer charge distribution appears
in figure 16a. At large positive bias the charge in the inversion
layer dominates and the capacitance approaches that of the accumula-
tion region if the measurements are carried out at sufficiently low
frequencies so that minority carriers are generated fast enough to
keep up with the small signal variation. In this case the generated
holes will replenish the holes pulled out of the edge of the deple-
tion region and the extra electrons will appear in the inversion layer.

non

The capacitance curve is similar to curve "a" in figure 16c¢c for the

low frequency case because the incremental negative charge will
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appear at the oxide-silicon interface.

b. High Frequency Case.

At high frequencies sufficient minority carriers cannot be gen-
erated within a cycle of the ac signal, thus, the charge in the in-
version region is constant (as determined by the dc bias) and has
no effect on the capacitance readings. The only charge distribution
in this case is at the bulk semiconductor end of the depletion re-
gion. Figure 16b illustrates this point. The depletion width con-
tinues to increase with large positive bias as holes are pulled out
of the semiconductor and the total capacitance continues to decrease.
When the width of the depletion layer no longer increases with bias,
the capacitance value again becomes constant. The capacitance curve
is similar to the curve "b" in figure lb6c.

5. The Effect of Surface States.

Surface states exhibit energy levels within the forbidden band of
the semiconductor. These are associated with the atoms on or very near the
surface of the silicon at the silicon-oxide interface. Tamm and Shockley8
predicted these states theoretically because of a break in the periodicity of
the lattice at the interface. They represent a source (or sink) or charge
and therefore may alter the electric field within the device.

Not all of the surface states are filled: those above the Fermi
level having a low occupation probability and those below the Fermi level
having a high occupation probability as in figure 17. Ionized donor atoms at
the interface are a source of positive charge, while the filled donor states
are neutral. Unionized acceptor atoms are neutral, and when ionized acceptor
atoms represent a source of negative charge at the interface. When a bias

shift modulates the energy bands relative to the Fermi level a change in total
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charge present at the interface reveals the presence of the surface states.
As the surface is accumulated, the states are lifted far above the Fermi
level and their probability of occupation by electrons is small. As the
surface is depleted and inverted, the states are pulled way below the Fermi
level and their probability of occupation is high. Such states whose

charge can be readily exchanged with the semiconductor are called fast
surface states. Since the charge in these states varies with the band bend-
ing, the capacitance-voltage characteristics will be displaced from the
theoretical by an amount which itself varies with the surface potential.
This may appear as steps or kinks or as a gradual distortion of the character-
istics.

Some charges exist in the insulator which, although close to the sil-
icon interface, cannot respond fast enough to keep up with the band bending
caused by the modulation described above. These are called oxide surface
states or slow states. To see how these affect the capacitance-voltage
curves, consider a charge sheet per unit area Q within the insulator as
shown in figure 18a. With zero gate voltage this charge will induce an image
charge partly in the metal and partly in the semiconductor. To obtain a
flat-band condition (i.e., no charge induced in the semiconductor), a nega-
tive voltage must be applied to the metal as in figure 18b. Increasing
negative voltage puts more negative charge on the metal and thereby shifts
the electric field distribution downwards until the electric field at the
silicon surface is zero. The area contained under the electric field dis-

tribution is the flat-band voltage, V Using Poisson's equation, V

FB® FB is

given by

_ )
Vg = - dCO/A [Lo]

where x is the distance from the metal to the charge and 4 is the distance
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from the metal to the semiconductor. Therefore, the flat-band voltage de-
pends on the density of the charge and on its location within the insulator.
When the sheet of charge is next to the semiconductor, as in the case for
most of the oxide surface states, the maximum influence is exerted and the

flat band voltage is

v o= . -8 [41]

For an arbitrary distribution of charges within the insulator, the flat-band

voltage 1is

<
|
i
'\
ol

p{x)dx [h2]

Hence, positive surface states which, when emptied, represent a
source of positive charge such as used in the above illustration, cause the
capacitance-voltage curve to be shifted to the left. The flat-band voltage,
which would normally be zero, will now have to be translated to some negative
value to maintain the flat-band condition. For negative surface states, such
as electron traps, the reverse argument holds and the curve shifts to the
right. Figure 19 shows this point. Note that the entire capacitance-voltage
characteristic shifts by the same amount as the flat-band point.

At higher frequencies the time constants of some of the surface
states are sufficiently long that charge from these states does not enter
into the capacitance measurement. This is especially true of the deeper
states, and the space charge region starts predominanting at a less positive
bias for negative surface states than at lower frequencies. This means that
the equivalent capacitance starts to decrease for lower bias levels. As a
consequence, the high frequency capacitance versus voltage curve lies below
the low frequency curve. The capacitance continues to decrease until inver-

sion takes over. Inversion does not depend on the charge in the surface
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states but only on the surface potential and, therefore, begins at the same
value of bias as in the low frequency case.

Grove6l presents additional information on surface states in the Si-
Si02 system. ‘Many, Goldstein, and Grover87 present a more comprehensive

treatment of the theory of semiconductor surfaces.

6. Effect of Inteface Contact Polarization Potentials.

Upon meking contact, the mutual interaction: of two materials results
in the formation of an interfaclal contact polarization potential. This po-
tential can arise from a transfer of electrons from surface states on one
material to surface states on the other or from a perturbation of the surface
states themselves. Schmidlin1ll considers the possible shift of energy bands
of the mating materials with respect to each other by an amount equal to this
polarization potential. Donating this potential drop by Aai’ the resultant

interfacial barrier height ¢oa for the MIM structure of figure 5 is given by

6 =¥ - x = A [43]

oa ma, al

where wma is the work function of metal a, and yx is the electron affinity of

the dielectric. An analogous case exists for the silicon-TiO, system of fig-

2

ure 20 giving an interfacial barrier height of

6 =y —x-b iy

os s si
where the subscript '"s" denotes the semiconductor.
Thus, an impurity at the interface can be polarized and the asso-
cliated potential step becomes part of Asi’ causing a change in the interfac-

ial barrier height.

7. Effect of Work Function Difference.

The difference in electron energies at the Fermi level in the metal

and in the semiconductor of an MOS structure is expressed as a difference
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in work functions, which is the energy required to move an electron from the
Fermi level in a given material to vacuum. Figure 20a shows the effect of
bringing together an aluminum/titanium dioxide/p-type silicon structure.
Electrons will flow to counterbalance the difference in work functions un-
t1il the Fermi level in the metal is 1ined up with the Fermi level in the
semiconductor. Consider the condition of figure 20b when just enough gate
voltage is applied to counterbalance the work function difference and a flat-

band condition is maintained in the semiconductor. The gate voltage required

to bring about the flat-band condition is the flat-band voltage VFB' Figure
20b gives this flat-band voltage as
Ve =9¢ - ¢ = ¢ [45]

B. ~Experimental Results and Discussion.

‘This section discusses the experimental results obtained from the
capacitance-voltage data. The data yield dielectric constants, surface
charge and surface state density numbers. Frequency effects due to various
sourde materials and C-V shifts due to various electrode materials are dis-
cussed.

1l. Dielectric Constant.

The dielectric constant of titanium dioxide films prepared on pati-
num as described in Chapter IV is 80. This agrees with the value reported
by FeuersangerSO for films prepared at low temperatures. The dielectric con-
stant of films deposited on silicon 1s 50 as obtained by measuring the capaci-
tance at 1 kHz of an MIS structure under bias conditions corresponding to
strong. accumulation of the silicon surface. Using the approximation of
2000 & of T102 (¢ = 80) in series with 4 K of 8i0. (k = 4), one obtains d =

2

o)
60 A for the thickness of the SiOQ. This is reasonable since some Si02 would

form in the atmosphere and the growth process takes place in an oxidizing
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atmosphere at 900°C. The dissipation factor for TiO2 on platinum is between
1% and 4% for frequencies from 1 kHz to 100 kHz. -The dissipation factor seems
to be minimum at 10 kHz, somewhat higher -at 1 kHz, and highest at 100 kHz.

On silicon tan § is less than 10% in the accumulation region, less than L%

in the inversion region, and reaches a peak as the device depletes. The L%
value in the inversion region corresponds closely to values of tan § found

in the inversion region for SiO2 devices69. The 10% value in the accumula-
tion region is higher than the 1% value found for the SiO2 devices in the ac-
cumulation region. This might imply that the loss is the least for SiOQ,
somewhat more for the silicon space charge region, and the most for the Tiog.
Figure 21 illustrates this behavior with the corresponding C-V curve at 1 kHz.
The cause of this dissipation factor (loss) is discussed further in connec-

tion with the density of fast surface states in the next section.

2. Surface €Charge and Surface States.

"The total charge per unit area, st’ associated with MOS structures
results33 from a combination of oxide space charge, or slow outer oxide
states caused by ions or charged oxide defect centers, Qso’ and fast inter-
face states which are located at the interface of the silicon and the oxide,

Q

FS* As pointed out previously, the oxide space charge is not normally al-
tered by the voltages required totrace C-V curves, therefore, the oxide space
charge offsets the theoretical C-V curve along the voltage axis without
changing their shape while surface charge in the fast states causes distor-
tion in the C-V curve because the charge is quickly altered by varying the
applied voltage and therefore the amount of charge in the fast states is a

function of surface potential.

a. Oxide Space Charge, Qso

Consider first the oxide space charge. This is an important
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MOS parameter because it is one of the parameters which controls the thresh-
0ld of MOS enhancement mode FET¥* switches, the operating point of MOS deple-
tion mode FET* amplifiers, and the PNP transistor collector junction leak-
age and parasitic surface capacitances. The capacitance-voltage character-
istics of MIS structures yield information about this charge6l. From equa-
tion 45, one determines the flat-band voltage, VFB’ of the measured C-V curve.

Using equation 41 the oxide space charge is then given by

a = (o - Vp)C /A [46]

50 ms

Figure 22 shows a typical C-V plot for p-type silicon. The accumula~
tion capacitance gives CO/A = O.QIuF/cmg. Determination of the flat-band
veltage requires calculation of the flat-band capacitance. Fron FranleS,
the surface charge density is

Q = K EE, = K_E (kT/qLD)F(uS, w ) [br]

where

/5.[(ub - us) sinh u + cosh u, - cosh ub}l/z [h8]

A
o
UF
il
|+

*An enhancement mode MOSFET is a common type metal-oxide-semiconductor field-
effect-transistor where the source ~to-drain conduction is dependent upon a
channel which is electrostatically induced by the gate potential. In a de-
pletion mode MOSFET a shallow, electrically-conductive channel connecting the
source and drain is diffused into the device during fabrication. This chan-
nel, of the same conductivity type as the source and drain, can be made more
resistive by voltage-bilasing the gate. In both of these devices, the output

current is controlled by an electric field.
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where the (-) is for u> and the (+) is for u <o, and where

u= (B, - Ei)/kT [48]

F
where b denotes bulk, s denotes surface and LD'is the intrinsic screening

length, (Debye Length)

kK € kT
3 1/2 _ s o \1/2
Lp = Ly (cosh ub) = (—*—5—-0 [50]
2e n.
i
The capacitance per unit area of the space charge layer is
c - dQs - “s% aF [51]
sp dus LD Bus
K € sinh u_ -- sinh
= -4 T ] e [52]
D s> Y
The flat-band condition occurs when u o= U, and
C = ¢ ¢ (cosh )l/g/L = x e /L [53]
SFB s 0 e D s o B
which gives for p-type material with NA carriers/cm3
C = g(x e N /kT)l/2 | [54]
SFB s o A
_ -16 1/2 2
Copp = 7.4 x 10 (300 KSNA/T) farads/cm [55]
Lo _ 15 -3 . .
For 10Q-cm p-type silicon, NA = 1.35 x 1077cecm 7, which gives CSFB=O.O95
uF/cme.
The MOS flat-band capacitance is then
ccC
o SFB
Com = 5 — [56]
+
B CO CSFB

Using the above values for CO and CSFB gives CFB = 645 pF. Then, from figure

22, this capacitance yields the flat-band voltage, V 0.

FB ~
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Determination of Qso now requires the metal-semiconductor work func-

tion difference, ¢ms’ from

¢ = ¢ - ¢ : [57]

From Grove6l, for aluminum and 10Q-cm p~type silicon ¢ms = - 1.05.
- 2
These values and equation L6 yield Qso =2.2 x 10 T coulombs/cm~ or a den-
sity of states Nso = 1.38 x 1012 states/cmg. Figure 23 shows a typical C-V

plot using n-type, 100-cm silicon. In this case, VFB = 0.57 volt and ¢ms =

- 0.53 volt. This yields Qso = 2.3 % 10—7 coulombs/cm2 and Nso = 1.h5 x lO12
states/cmg, Note from the direction of the C-V shift that these are negative
surface charges (figure 19). TFor the p-type silicon, the work function dif-
ference tries to shift the curve to the left, but the negative surface

charges try to shift the curve to the right. The result, for this particular
case, 1s that these two effects exactly compensate each other and the flat-
band voltage remains at zero. For the n-type material, the work function dif-
ference is less than above and the negative surface state density is about the
same, with the net result being a shift in the flat-band voltage to the right.
The n-type silicon seems to have more negative surface charges than the p-
type which would be expected qualitatively since a higher Fermi level would
allow more negative states to exist below the Fermi level, and the n-type

material has a higher Fermi level than p-type material.

b. Fast Interface Surface States, QFS

Consider now the fast surface states. Fast interface state
levels alter the performance of MOS devices by altering the reactance of
the MOS wvaractor by filling and emptying in and out of these states at the
ac measuring frequency and the charge in these states is an added component

to the surface charge at the insulator-semiconductor interface. These fast
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states can increase the switching voltage of enhancement mode field effect
transistors and decrease the channel mobility causing lower gain-bandwidth
products in MOSFET's.

Fast interface surface states cause distortion in the C-V curve.
The experimental C-V curves follow the-shape of the theoretical curve
closely, implying that the density of fast states is not too high. Grove6l
says that-a high degree of parallelism of experimental characteristics indi-
cates that the total density of surface states in the middle 0.7 eV portion
of the-silicon energy band is less than 5 x lOlO cm_g. Grove6l says also
that only those states which are within a few kT in energy of the middle of
the energy gap contribute effectively to surface recombination and genera-
tion and hence the C-V characteristics will not be affected much by states
near the band edges. There are three techniques for measuring these fast

100,101

states.  The method of Nicoilian'and’Goétzberger gives the density of

states in the center half of the band using MOS surface conductance measure-
ments:  The method of Terman125 uses the capacitance dispersion technigue.
The method of Gray and Brown6o gives the density of states in the top quarter
and bottom quarter of the band by scanning the forbidden gap using C-V mea-
surements with temperature. The method of measurement for the Gray and Brown
technique is that of determining the change in voltage and hence the change
in surface charge required tOomaintain the flat-band condition as the Fermi
level within the silicon is varied by changing the sample's temperature from
300°K to 100°K.  Performing the measurements at 100 kHz insures that any
charge in the interface states does not contribute appreciably to the ac ca-
pacitance so the measured ac capacity is almost entirely due to free carriers.
For the p-type samples, 1t requires less positive or more negative
voltage on the metal electrode to reach the flat-band conditien as the tem-—

perature decreases. The reason for this is that the Fermi level moves closer
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to-the valence band-in a p=type material-as the temperature decreases. At
higher temperatures,  the Fermi-level-is above some interface states. These
are filled with electrons and are neutral. -It takes a positive gate voltage
to deplete partially the hole  concentration at-the surface. When the tem-
perature decreases, the Fermi level moves closer to the valence band and
some  of the interface states-lose-electrons and become positively charged.
In this-instance, the interface states control-the surface potential, and it
requires  a”large negative gate voltage to-deplete the interface states of their
electrons in order  to reach the- flat=band condition.

Changes-in the flat=band voltage as the temperature is changed give
“the chaﬁge*in“interface'state“charge“directly”since‘there‘is‘no band bending
for this condition. -~ In the flat-band-condition; the surface potential is
equal to‘the‘bulk‘Fermi“level‘which'iS‘givéhvby Grove6l; The procedure is
to vary the temperature while maintaining the flat-band capacity, which is
also temperature dependent and is calculable from equation 56 at various tem-—
peratures, by continuously adjusting the bias. TFigure 2L illustrates the re-
sults of this measurement. This line represents the surface charge, QFS’ as
a function of the surface potential ¢s’ which is equal to the Fermi level.

8QFS . These results show that the

3¢S

density of fast states is relatively constant over the range of measurement

The density of states, NFS’ is given by

and is approximately 8.5 x lOll'stétes/eV—cmz.

" Consider now the method of Nicollian‘and‘Goétzbergerloo’lOl.

By
this method, a measure of the MOS varactor impedance gives the interface
statevdensity;'NFS5 near the middle of the gap. -Both the capacitance and
equivalent parallel-conductance - as' functions of voltage and fregquency con-

“tain identical information about the interface-states. ~Figure 21 shows that

the  conductance technique is potentially more  accurate, because of the sharp
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peak exhibited by the conductance (directly related to the dissipation factor,
tan 6), than the capacitance technique.

The loss arises in the following manner: When the ac signal moves
the conduction band toward the Fermi level in the first half of the cycle,
the average energy of the electrons in the silicon is increased. Because a
conductance is observed, it is evident that the interface states do not re-
spond immediately, but lag behind. Therefore, electrons at a higher average
energy in the silicon are captured by interface states at a lower average
energy. ~This process results in an energy loss. On the other half of the
cycle when the ac signal moves the valence band toward the Fermi level, the
electrons in filled interface states have higher average energy than the
electrons in the silicon. As the electrons are emitted by the interface
states into the silicon, they lose energy again. Therefore, there is an
energy loss on both halves of the cycle. The energy required for transitions
between the band edge and an interface state is muchhigher than this and is
supplied by phonons. The dominant loss mechanism is the capture and emission
of majority carriers. The interface states store charge and therefore have
a capacitance CS assoclated with them which is proportional to their density.
The interface states reach equilibrium with the silicon exponentially with
time 1. The conductance related to the loss is GS = CS/T. Therefore, mea~-
surement of equivalent parallel conductance yields the interface state T and
CS.

The equivalent circuit of figure 25 illustrates the origin of the
loss (tan 68). The dissipation factor is defined as

_1 energy loss per cycle
21 maximum energy stored

tan § =

O |

The equivalent impedance, z, of this circuit is




z = Real Part + Imaginary Part [59]
Energy dissipated = 1/2 Ii [Real Part of z] [60]
and
Energy stored = 1/2 Ii [imaginary Part of z] [61]
hence from equation 58
2
Z wR C
tan § = R ”;‘[ L 2 [62]
em Zpy 2T 500 ‘s Cop*Cs)
CRCC (2R ey ER5 (¢ o+ )
s s sp C CO sp 8
This equation is of the form
tan § = S8 [63)
B+Cuw

where A,B, and C are constants

This same result is obtained by considering the Debye equations for
a dielectric in which the polarization can relax exponentially with charac-
teristic time t after a change in applied electric field occurs. The complex

dielectric constant may be written

E* = E' —_— jg” [6L}‘J
where
€, £,
e = e+
2 el [65]
and
(e - Em)wT
e = [66]
1+ ngg
yielding
(e.~ € Jwrt
" 3 O 0
tan § = ET-= 3 [67]

The equivalent circulit of figure 25 illustrates the principle of the

MIS conductance technique.
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Figure 25. Equivalent Circuit of MIS Capacitor.

A bridge measures the admittance of the capacitor across terminals
X~X. The oxide capacitance is measured in the region of strong accumulation.
The admittance of the network is then converted into an impedance. The re-
actance of the oxide capacitance is substrated from this impedance and the

resulting impedance converted back into an admittance givinglol

2 2 2 2>

G wC T ¢ (6" +w C
_R= O m m m [68]
W% %4 [wc (¢ -c ) -6 )P
@] m m ] m m
and
c (G 2 mgC 2) [w2C (¢ -¢c)-a 2]
O m m m O m m
=T 2.5 2 2.2 [69]
wC 6T+ [wCc(Cc ~C)~-0G7]
O m m @] m m

from the measured capacitance and conductance. This leaves CSP in parallel

with the series RC network of the interface states. The equivalent parallel
conductance divided by w is

EE Csz
.- T 53 (701

1+wrT
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This equation depends only on the interface state branch of the
equivalent circuit. Gp/w goes through a maximum when wt = 1. The value of
Gp/w at the maximum is CS/2. Therefore,‘CS is calculated from the peak of
Gp/w which yields NFS' From figure 22 at the peak of tan 6, Cm = 300 pF,

tan § = Dm = 0.17. The dissipation factor relates to the conductance by

szﬁ:l; 2)
P

= uC D /(1+D = CD [71]
mm m

This yields Gm = 0.32 umhos. CO = 2000 pF. These values yield NF =1.25 x

lOll states/vecmg. This value is about on order of magnitude less than the

S

value obtained from the method & Gray and Brown6o. This is expected, how-
. 60 . . 101 . _ .

ever, since both Gray and Nicollian predict that the density of states

reaches a minimum very close to midband and Grove6l states that there

should be less than lOll states/eV-—cm2 in order to maintain parallelism be-

tween the theoretical and experimental curves.

The other method of calculating N
125

FS involves the capacitance disper-

sion method of Terman From the equivalent circuit of figure 25, the

equivalent parallel capacitance is
C
S
C =2¢ + — [72]

P sp l+w2T2

where Cp is given by equation 69. To extract CS from Cp using equation 72,
Csp must be known. Csp can be calculated using an estimated doping density
to find Xd and equation 39. However, the doping density is not accurately
known near the silicon surface because of pile up or depletion of the dopant
during the growth of the insulator. However, this discrepancy should not

be as great for TiO2 as for 510, because of the lower temperatures and

2
shorter times involved. The major difficulty arises from the fact that the

interface state capacitance must be extracted from measured capacitance

which consists of oxide capacitance, depletion layer capacitance, and
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interface state capacitance. Using the same parameters as above, eguation

T2 gives CS = 490 pF and N g = 3.06 x lOll states/eV—cmg. This value is

F
only about a factor of two different from that obtained by the Nicollian
method.
The major conclusions drawn by Nicollian and Goetzbergerlol about
the interface follow.
(1) A continuum of states closely spaced in energy exists
across the energy gap.

(ii) The dominant contribution to the conductance arises from
majority carrier transitions to and from interface states. Thus,
the conductance arises solely from the steady-state loss due to cap-
ture and emission of carriers by interface states and not states in
the silicon space charge region.

(1ii) The fluctuating surface potential causes a dispersion of
interface state time constants in the depletion region. This fluc-
tuation can arise from various sources, but is primarily due to a
random distribution of surface charge.

(iv) In the weak inversion region the dispersion is eliminated
by interaction between interface states and the minority carrier
band resulting in a single time constant due to the fast response
time of the minority carriers.

(v) Capture cross sections for electrons and holes are inde-
pendent of energy over large portions of the silicon bandgap.

(vi) For a continuum of states, the peask in conductance oc-
curs when the response time of the interface states, which is being
varied by the bias, equals the period of the applied signal fre-

quency multiplied by a constant. When generation-recombination
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through interface states dominates the  loss, the conductance goes
through a peak as a function of bias in weak inversion because the
time constant varies inversely with majority carrier density at the
surface. If generation-recombination through bulk states dominates
the loss, this peak will not occur. When the frequency is increased,
this peak shifts to a bias value corresponding to a surface potential
nearer to flat-band. For the C-V curve of figure 22, the peaks in
dissipation factor occur at + 0.2, +0.1 and O for 1 kHz, 10 kHz and
100 kHz, respectively, illustrating this point.

3. TFreqguency Effects.

A difference between the TPT and PB prepared samples occurs in the
frequency effects. Figure 22 and figure 26 illustrate that on p-type sili-
con the TPT samples exhibit the high frequency characteristic in the inver-
sion region between 1 kHz and 100 kHz, while the PB samples exhibit the low-
er frequency characteristic; i.e., the capacitance rises toward the oxide
value as the frequency decreases from 100 kHz to 1 kHz due to a higher gen-
eration-recombination rate6l. This difference occurs because the PB is a
partially hydrolyzed organometallic and contains an excess of water mole-
cules. The presence of excess walter vapor has been shown to affect MOS C-V
curves69. Figure 23 illustrates that the TPT formed n-type samples exhibit
a freguency characteristic somewhere between the two cases above. The high
frequency case results because the measurement frequency is much greater
than the generation-recombination rate so that all the charge appears at
the edge of the depletion region. If the frequency is low enough for gen-
eration-recombination to keep up with the small signal variation, the gen-

eration-recombination mechanism leads to charge exchange with the inversion
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layer in step with the measurement signal and C will approach CO. The in-
version side of the C-V curves can also be affected by surface charge mi-
gration over the oxide around the field plate99.

Another frequency sensitive effect occurs in the accumulation re-
gion of these curves. The oxide capacity or the dielectric constant ap-
pears to be frequency sensitive, which is not too likely in the frequency
range of measurement and it is more likely that the surface states are at
least partially in electrical contact with the silicon and are able to sup-
ply a frequency sensitive charge to the capacitance measurements effectively

changing the thickness of the film.

4, C-V Shifts.

The high dielectric constant of this material which causes the
abrupt change in capacitance to occur near zero volts bias, instead of off-
set several volts as in SiO2 and Si3Nu, offers unique possibilities to the
device operation. Figure 27 illustrates the effect of a different work func-
tion by changing from aluminum to platinum electrodes to go from a deple-
tion mode device to an enhancement mode device, Dbecause with platinum
electrodes & channel will form on p-type material with positive bilas. With
aluminum, the channel is sglready formed at zero bias. It has not been pos-
"sible to bulld an enhancement mode device on p-type material with other in-

sulators, such as Siog. Figure 28 shows that additional possibilities ex-

“ist by growing layers of other dielectric materials under the TiOQ. In

this case, 510, was allowed to grow in the deposition chamber from H_ +

2 2

CO2 at 930°C for 5, 10 and 15 minutes prior to TPT being introduced. Since

the Ti0, has negative charge states associated with it and SiO

o has posi-

2

tive surface states the effect is to shift the flat-band voltage from posi-

tive toward negative by having the positive states cancel some of the
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negative states. Analogous effects are seen for silicon dioxide-silicon
nitride mixturesh3.

No hysteresis effect is observed in making the C-V measurements as
with Si3Nu. Hysteresis would be observed when there is an appreciable
density of states deep in the oxide having time constants longer than the
time it takes to vary the bias because the charging and discharging of
these states would lag behind the bias variationlOl.‘ The fact that no hys-
teresis is observed means that the density of states in the oxide having
time constants of the order of minutes is negligible.

The preceding considerations indicate that negative surface charges
exist within the TiOg film. The density of slow oxide surface states is
approximately 1012 states/cmz. The density of fast interface surface
states is about lO12 states/eV—cm2 near the band edge and about lOll states/
eV—-cm2 near the center of the band. Different frequency characteristics
are observed depending on the organometallic used to form the films. Shifts
in the capacitance-voltage characteristics near V = 0 with different metal
electrodes and with mixtures of TiO, - S10, indicate unique device possi-

2 2

bilities.




CHAPTER VII

SUMMARY AND CONCLUSIONS

e

The results of this work form a consistent picture of the growth
and behavior of the titanium dioxide films formed by chemical vapor depo-
sition., Hydrolysis of titanium organometallics in a hydrogen and carbon
dioxide atmosphere at high temperature forms physically and electrically
satisfactory titanium dioxide films.

This research includes the design and construction of a vapor depo-

sition system to grow TiO The growth technique is new, however, it is

50

X
similar to a technique used by Feuersanger The thermodynamic considera-
tions aid in the analysis of the process and lead to the determination of
the optimum operating conditions. The reaction utilized various organo-
metallics of titanium, and tetraisopropyl titanate proves to be the most
suitable due to its high vapor pressure.

Substrates are platinum coated guartz and polished silicon, both
n-type and p-type. Fast neutron activation analysis finds that the stoi-
chiometry of the films depends on the deposition conditions. Films formed
at temperatures less than 850°C are oxygen deficient.

A study of the physical properties of the films indicates that the
films appear hard, smooth, and reflective. An x-ray study indicates that

the films are polycrystalline TiO The film adherence to the substrate

o
is entirely satisfactory. Forty-eight per cent hydrofluoric acid etches
the films at about T00 angstroms per minute and tends to cause some peel-
ing. The electrical characteristics do not change during room temperature
storage and moisture tests. The refractive index, as determined by ellip-
sometry, is about 2.0.

A major result of this work is a knowledge of the conduction be-

havior of titanium dioxide films on silicon and metal substrates. The
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deposition temperature strongly influences- the conductivity of these films.
The oxygen deficient films' are more semiconducting than insulating. Ex-
perimentally, the current is proportional to exp“(mEl/g) where m is a con-
stant and E is the electric field: The current=voltage characteristics

for MIM structures are independent of polarity for metals with different

work functions indicating bulk controlled emission. These considerations
indicate that' the dominant conduction mechanism in titanium dioxide is Poole-
Frenkel emission from donor and acceptor sites and traps within the bulk of
the TiO2 film. The sites lie approximately 0.25 eV from the band edge.

Both donor and acceptor sites are present creating a compensating effect.

The breakdown strength of these films is 5 x 105

volts/cm.

Another major result of this work is a knowledge of the silicon-
titanium dioxide system as determined from capacitance-voltage character-
istics of an MOS capacitor structure. Energy states exist at the interface
between the silicon and the titanium dioxide. These states become sources
of charge strongly affecting the device's properties. The C-V data indicate
that negative surface charges exist within the T102 film. The density of
slow oxide surface states is approximately‘lo12 states/cmg. The density
of fast interface surface states is about'lO12 states/eV—cm2 near the band
edge and about‘lOll states/eV—-cm2 near the center of the band as determined
by the flat-band variation with temperature method of Gray and Brown6o, the

equivalent parallel conductance methed of Nicollian and Goetzbergerloo’lOl

and the capacitance dispersion method of Termanlgs.
The dielectric constant of these films is 80 on platinum and 50
on silicon due to the presence of a thin layer of Si02 on the silicon.

Different frequency characteristics are observed in the C-V curves de-

pending on the organometallic used to form the films.
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Shifts in the capaclitance=voltage characteristics near V = 0 with

different metal electrodes and with mixtures of TiO. - 8102 indicate unique

2

device possibilities. Hereln lies a very promising area for further study.
The high  dielectric constant causes the-abrupt-change in the C-V curve to
occur very near zero volts even for rather large densities of surface
states. Figure 27 illustrates the effect-of a different work function on
the C-V curves. By changing from aluminum to platinum electrodes one can
go from a depletion mode device to  an enhancement mode device because with
platinum electrodes a channel will form on p=type material with positive
bias. With aluminum the channel is already formed at zero bias. This means
that Ti0, could be used to make an n-channel enhancement mode MOSFET which

2

is nearly impossible to do with 3i0 Building such a device would lead

X
to such device parameters as channel conductivity and turn-on voltage.

Figure 28 shows the effect of growing a layer of SiO2 under the

TiOg. Possibilities exist for further work here by studying mixtures of

SiO2 -~ T102 - Si3Nh' Certainly, the different types of states and mechan-
isms associated with these three insulators could create interesting shifts

and effects on the MOS characteristics and perhaps lead to very useful de-

vice applications.




APPENDIX I

ATTEMPTS TO GROW LEAD TITANATE

Having established the optimum conditions for the deposition of TiOZ,

attempts were made to grow PbTiO_ which might yield improved dielectric prop-

3
erties. The alkyl derivatives of lead have sufficient volatility and stabil-
ity to be very promising for such an gpplication. Tetraethyl lead,(CgHS)uPb,
and Tetraisopropyl titanate,(C3H70)hTi,should form PbTiOB. The lead and ti-
tanium compounds are liquids at room temperature and have sufficient vapor
pressure to permit the rate of delivery of the respective gas to the reactor
to be controlled by regulation of the flow of carrier gas over the liquid.
The vapor pressure and properties of tetraethyl lead are closely similar to

tetraisopropyl titanate. The source of the tetraethyllead is the Ethyl Cor-

poration.
The plan of attack was to grow lead oxide from the tetraethyllead

and establish a growth rate similar to that of the already studied TiO2 and

then combine the two to form PbTiO3. Problems occurred in the growth of the

PO due to the low melting points of various forms of lead oxide. When ope-

rating at temperatures around 900°C, required for the H2 + 002 reaction to go

to completion, no lead oxide is formed because the melting is between 300°-
800°C for various forms of lead oxide. At temperatures around 500°C a cloudy
film of poor appearance is formed, but it is suspected that this film could

be oxygen deficient as were TiO, films formed at low temperatures.

2
With equal flow rates of tetraisopropyl titanate (TPT) and tetra-

ethyllead (TEL) at 900°C nothing forms. Turning off the TEL allows a film

of TiO2 to form, but turning on the TEL again stops the growth. The PbO is

apparently keeping the TiO2 and PbTiO3 from forming at high temperatures.
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The conclusion of this attempt is that lead titanate cannot be grown

easily in a H2 + CO2 atmosphere because of the low melting point of the PbO

and the high temperature required for the H2 + 002 reaction. Iower tempera-

ture deposition in an oxygen atmosphere or in a molst atmosphere from a water

bubbler might be a plausible approach to this problem.
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